INTRODUCTION
Adsorption and desorption ·processes are of interest in many diverse areas such as pollution control, gas chromatography and cigarette filtration. We have developed a versatile method for studying sorption processes in porous materials which is basically a modification of frontal chromatography. A fixed bed of the porous adsorbent is challenged with a steady flow of carrier gas and vapors. The effluent gas is analyzed at periodic intervals by seizing small samples and automatically injecting them into a gas chromatograph. When compared to frontal chromatography there are two key advantages to this system: [1] the detection system is independent of flow rate through the fixed bed adsorber, and [2] the system is readily adaptable to mixtures.
The syste~ has given excellent results for the case of cigarette filters and pure nicotine vapor. Data obtained from this work has been fit to a published mathematical model contains two parameters which can be adjusted to give the best fit to experimental data. The parameters are directly related by theory to 1. the equilibrium partition coefficients for the adsorbed and vapor states, and 2. the observed rate constants for the adsorption and desorption steps. Thus, the experimental method and model combine to give an excellent general method for the study of adsorption and desorption kinetics in packed beds.
EXPERIMENTAL
A schematic of the experimental apparatus is shown in Figure 1 . The main functions of the apparatus are: For the experiments reported in this paper, the inert diluent gas was Union Carbide UltraHigh Purity grade nitrogen and the vapor was nicotine obtained from Eastman Chemicals. The nicotine vapor was generated by passing the nitrogen gas from cylinder 1 through a 250 ems round bottom flask containing 10 cm 8 of nicotine which was agitated with a magnetic stirrer to enhance vaporization. The output of the vapor generation flask was con- trolled at the outlet with a Gilmont Capillary-Metering valve. The pressure in the generation flask was usually 30o-4oo mm Hg above atmospheric pressure. It was determined that the nicotine concentration was independent of the nitrogen flow rate through the flask over the flow rate range of JOD-1.2.00 cm3/min used in these experiments. Therefore it was possible to obtain data at different flow rates which was not confounded by concentration differences. These experiments were done at near nicotine saturation and the diluent from nitrogen source number 2. was not used; however, in future experiments the concentration can be kept constant at lower levels and at different flow rates through the filter by proper balancing of nitrogen flow from the sources. The filtration section was two "0"-ring seals, a rubber eoo 800 dental dam, and the filter. The filter was placed in the dam and clamped between the two "0"-ring seals. The effluent from the filter passed through the Union Carbide sliding plate valve fitted with a 1..4 cm3 sampling loop. The valve was timed to operate at fixed intervals to transfer a sample to the Bendix 2.6oo gas chromatograph for analysis. The sampling rate depended upon the analysis rate. In these experiments the sampling rate was one and two minutes. Figure 2 . is an example of the recorder output. The connection dead volume was negligible compared to volume flow between samples. The o.S meter column contained 8°/o Apiezon-L on 6o X So mesh Chrom-G. Flame ionization was used for detection. The intermittent sampling technique was incorporated to handle multiple vapor analysis in future experiments and to ascertain sample purity in single vapor experiments. Passing the effluent directly into the gas chromatograph would not allow separation into components in these experiments. The filters were 2.0 mm lengths of 8 denier per filament/ 40000 total denier cellulose acetate (without additives) and paper (without additives).
RESULTS AND DISCUSSION
The results of the experiments are shown in graphical form in Figures 3 and 4 where the fraction penetrating is plotted versus time. The time required for nicotine vapor to breakthrough decreases as the total gas flow rate increases. Knowing the total gas flow rate, inlet Fraction of nicotine vapor penetrating paper filter versus time. Amount of nicotine vapor accumulated on cellulose acetate filter versus time. 
Co 0 amount accumulated on filter (g), nicotine vapor concentration at inlet (g/cm3), nicotine vapor concentration at exit at time t (g/cmS), time (s), total volumetric gas flow rate (cm3fs).
The total gas flow rate was assumed constant through the filter since the pressure drop (1" HsO) across the filter was insignificant compared to the head pressure of 1 atmosphere at the highest flow rate used. The absolute amount of nicotine accumulated on the filter was calculated using equation 1 for each flow rate and the results are shown in Figures 5 and 6 for cellulose acetate and paper adsorbents. In both cases the curves converge at long times which indicates that equilibrium can be attained at all of the flow rates studied. The total amount accumulated on the filter at equilibrium should only depend on the inlet concen· tration of the vapor and the adsorbent (filter). Since equilibrium is attainable, it is possible to calculate an equilibrium partition coefficient for nicotine vapor (in N2) in cellulose acetate and paper:
where 5 00 = amount of adsorbate accumulated on filter at equilibrium, (C = C 0 ), per unit weight of filter, QG = density of diluent gas (g/cm3), WF = weight of filter (clean) (g). Amount of nicotine vapor accumulated on paper mter versus time.
0.5 ,----,--"T'"--r--""T"--"T""--.,---,-...., In practice,1oo 0 /o penetration (C = Co) was not reached,
however, values upwards of 900fo were obtained and the following approximation was used.
[3]
where Cl>t fraction penetrating filter at some time, t, near equilibrium = (C/Co)t, Mt amount accumulated on filter at time corresponding to that at which Cl>t is measured. Equation 3 was found to be valid by testing with several values of (C/C 0 )t and Mt corresponding to (C/Co)t > o.8; K was constant. The partition coefficients for nicotine in untreated cellulose acetate and paper systems are given in Tables 1 and 2 . According to the definition for K, nicotine has a higher affinity for cellulose acetate than paper. As expected, the tables show K to be nearly independent of flow rate. We have shown experimentally that nicotine adsorption is reversible. Furthermore, as Figure 7 shows, the amount removed is a function of filter length. Thus, the model to describe the sorption processes in these systems must be a function of exposure time, filter length and contain a reversible kinetic mechanism. The Hougen-Marshall (1) model for fixed bed adsorption fits the nicotine-cellulose acetate and nicotine-paper systems quite well. The assumptions for their model were:
a. Steady flow process; constant flow rate. b. Rate controlling process is first order; reversible. c. Volume of the bed is small compared to the volume of gas passing through it. d. Ideal gas behavior; Dalton's law holds. e. Linear adsorption isotherm. f. Inlet concentration of vapor is constant. g. Amount of adsorbate on filter at t=o is zero. h. Lateral diffusion minimal due to residence times used in experiments.
The expanded Hougen-Marshall solutions to the continuity equations for gas-phase and solid-phase including the above assumptions are given by equations 4 and 5· Average .092 Equation 4 was applied to the systems reported here and best fit values of a and b were obtained at each flow rate. These values are given in Table 3 which shows that a decreases with an increase in flow rate and that b is independent of flow rate. [7]
[8]
external surface area of bed per unit volume of bed (cm2fcmS), p = absolute pressure in bed (mm), MG = gram molecular weight of diluent gas, G mass flux of diluent gas (based on crosssectional area of bed) (g/cm2fs), QF density of bed (g/cmS).
Thus, if one plots log (1/a) versus log (G) and assumes all other quantities in equation 6 are constant, a straight line with a slope of 1.0 should be obtained. The plots in Figure 8 have slopes of 0.9 and 0.96 for the cellulose acetate and paper systems respectively. We have shown that nicotine vapor adsorption in cellulose acetate and paper filters is a reversible process with a finite equilibrium partition coefficient, and that the process may be described by the Hougen-Marshall fixed bed adsorption model.
SUMMARY
A method for studying adsorption-desorption kinetics in porous materials is described. A fixed bed of the adsorbent is challenged with a constant concentration of vapor in an inert carrier and the effluent vapor concentration is monitored as a function of time by using a gas chromatograph. Results obtained with commercial filters and nicotine vapor are reported. They fit a mathematical model based on a first-order, reversible rate-controlling process and a linear adsorption isotherm. 
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RESUME
On dtkrit une methode pour .1' etude de la dnetique des phenomenes d'adsorption/desorption sur materiaux poreux. lJne couche fixe d'adsorbant est maintenue en contact avec une concentration constante de vapeur dans un vecteur inerte. La concentration de la vapeur effluente est mesuree en fonction du temps par un chromatographe en phase gazeuse. On presente les resultats obtenus avec des filtres commerciaux et de la vapeur de nicotine. Ils correspondent a un modele mathematique base sur une isotherme lineaire d'adsorption et sur une reaction reversible du premier ordre determinant la vitesse du processus en question.
